The annual occurrence of the Antarctic ozone hole is a well understood and documented phenomenon[@b1]. Its existence is related to the gradual increase in atmospheric concentrations of chlorine as a result of the anthropogenic production of chlorofluorcarbons (CFC). Effective international efforts to reduce emissions have led to a gradual decline of these substances by about 0.5--1% per year[@b2]. However, despite these gradual changes, year-to-year variations in ozone depletion over the last 30 years show a number of years with anomalously small amounts of ozone depletion.

[Figure 1A and 1B](#f1){ref-type="fig"} present the Antarctic ozone hole area and ozone mass deficit (OMD), respectively, based on total ozone columns for the period 1979--2010 for three indices of ozone destruction. The development of the ozone hole in the 1980\'s and the stabilization during the 1990\'s are easily recognized. However, several years show strongly reduced ozone destruction: 1986, 1988, 2002, 2004 and 2010. Given that ozone destruction is related to the amount of ozone-depleting substances (ODS) present in the stratosphere and that the amount of ozone-depleting substances steadily increased from the late 1970\'s onwards and has been slowly decreasing since about 1995, the gradual changes in ODS cannot explain these large year to year reductions in depletion[@b3].

Although the OMD is a commonly used metric for determining Antarctic ozone depletion[@b1][@b4] and other methods for estimating ozone loss also reveal similar years with anomalous ozone loss[@b5], it nevertheless is conceivable that the reduction in OMD in 2004 and 2010 could be caused by a smaller vortex area. The OMD based vortex area is indeed smaller in 2004 and 2010 by about 20--25%, as can be seen in [figure 1B](#f1){ref-type="fig"}. However, the reduction in size is insufficient to explain the 50% reduction in OMD for both years. Furthermore, there is a caveat in the use of OMD to estimate the vortex area. At the edges of the vortex ozone depleted layers in the lower stratosphere can be partly compensated for by ozone rich air in the upper troposphere, leading to total ozone column values larger than 220 DU even though one would clearly identify the area as being inside the vortex[@b6][@b7]. However, the MLS measurements used in this study confirm that total ozone column values in 2004 and 2010 within the vortex are 25% larger than in 2005--2009. Furthermore, it should be noted the MLS measurements only cover part of the vortex and cannot be used to estimate the total vortex OMD. Finally, dynamical estimates of the vortex area show that in 2004 the area is of average size and in 2010 it is even well above average[@b8]. Hence, it can be safely concluded that at least half of the OMD reduction in 2004 and 2010 is unexplained by vortex dynamics.

Another possible explanation for this decrease in OMD would be changes in stratospheric aerosols related to volcanic eruptions, which are known to enhance heterogeneous ozone depletion[@b9][@b10][@b11]. Since 1980, enhanced stratospheric aerosol related to volcanic eruptions was present from 1982--1985 and 1991--1994. However, outside those periods stratospheric aerosols were at background levels. Given the strong year-top-year fluctuation of years with and without strongly reduced stratospheric ozone, changes in stratospheric aerosols cannot explain these variations. Hence, other explanations must be sought.

The depth of the ozone hole depends on meteorological conditions and the tropospheric wave driving of the stratosphere[@b12], affecting mixing across the Antarctic vortex edge, either directly mixing in ozone rich air or affecting the chemical composition of the vortex air. Variations in meteorological conditions are more likely[@b13] to be the cause of interannual variability in Antarctic stratospheric ozone at the top edge of the hole, possibly linked to temperature and Polar Stratospheric Clouds (PSC) formation.

The year 2002 was characterized by an early Antarctic vortex break up due to a strong Sudden Stratospheric Warming (SSW) causing the vortex to split in September and to quickly dissipate[@b14]. The years 1986 and 1988 have been described[@b15][@b16] as years with a "warm" vortex and the occurrence of significant SSWs[@b17], in which fewer PSCs were formed, denitrification was reduced and thus catalytic ozone destruction was less efficient[@b13]. Previous studies[@b18][@b19] have noted that 2004 appears atypical in a sense that there were no signs of dehydration above approximately 20 km, but due to lack of EOS MLS[@b20] (Earth Observing System Microwave Limb Sounder) measurements from the beginning of the winter in 2004 no firm conclusion was drawn on the causes of this lack of dehydration.

Temperatures and wave activity as well as Antarctic stratospheric chemistry are thus important for understanding the existence of years with significantly reduced Antarctic stratospheric ozone depletion. Nevertheless, it remains unclear how the dynamical and chemical effects change ozone depletion. EOS MLS provides observations of multiple trace gases to study specifically the role of SSWs in year-to-year variations of ozone depletion[@b18][@b19]. The reduced ozone depletion in 2010 -- based on SCIAMACHY[@b21] (SCanning Imaging Absorption spectroMeter for Atmospheric CartograpHY) total ozone column observations - is 40--60% below the 2005--2009 average.

The current length of the MLS record, covering five "normal" Antarctic ozone hole years (2005--2009) provides a climatology to which the anomalous 2010 Antarctic ozone depletion and the underlying dynamical and chemical mechanisms can be compared. Combined with the recently developed 30 year total ozone column reanalysis (see methods) the anomalous conditions of the 2010 ozone hole can be related to the observed interannual variability in Antarctic ozone depletion over the last 30 years.

Results
=======

During Austral winter, a strong dynamic polar vortex forms over Antarctica that inhibits the mixing of warm mid-latitude air and enhances radiative cooling in absence of solar radiation during part of the winter. If temperatures drop below approximately 196 K, PSCs are formed which consist of pure water (H~2~O), nitric-acid (HNO~3~) hydrate solution (Nitric Acid Trihydrate or NAT and Nitric Acid Di-hydrate or NAD) or liquid H~2~O/HNO~3~/H~2~SO~4~ solutions, known as supercooled ternary solution or STS[@b22]. Pure water PSCs are referred to as type 2, the others as type 1. Type 2 PSCs occur at slightly lower temperatures than type 1 PSCs. The role of PSC\'s in Antarctic ozone depletion is twofold. On the one hand they act as surface on which halogen species like chlorine can be activated which is necessary for catalytic ozone depletion. On the other hand, PSC formation removes odd nitrogen (odd nitrogen = NO~y~ = abundance of N atoms that are not bound up in either nitrogen (N~2~) or nitrous oxide (N~2~O); NO~y~ includes HNO~3~ and nitrogen dioxide (NO~2~)). PSC formation also removes water vapor from the stratosphere through sedimentation of the cloud particles. This "denitrification" further enhances ozone depletion as deactivation of chlorine via formation of reservoir HCl becomes less effective. Depending on the temperature, denitrification can occur with or without dehydration.

Once the Antarctic polar vortex is established and PSC formation, denitrification and/or dehydration have occurred, catalytic ozone destruction can start due to photochemical activation of the halogens once the sun returns during early spring. As long as temperatures remain sufficiently low, PSC formation will continue and prevent the buildup of halogen reservoirs. However, once the Antarctic vortex warms due to increasing sunlight, the PSCs evaporate and halogen species are deactivated within weeks by the re-formation of reservoir species.

[Figure 2](#f2){ref-type="fig"} shows nine-day running mean MLS measurements of ClO, HCl, HNO~3~, O~3~, H~2~O and temperature as function of time for all years from 2004--2010 at 68 hPa altitude (∼ 19 km) for MLS measurements south of 80°S, the typical altitude of the ozone hole. The nine-day period for the running mean was chosen for visualization purposes in order to reduce noise and better distinguish between different years. Indicated in the temperature plot are also the NAT (upper dotted line) and pure ice formation temperatures (lower two dotted lines). ClO is in particular an important proxy for catalytic halogen chemistry.

Once temperatures drop below the NAT formation temperature around the Day Of Year (DOY) 150 (∼ 1 June), denitrification starts as evidenced by the decrease in HNO~3~. Full denitrification is accomplished within about 20 days. At the same time the chlorine reservoir HCl is "emptied"[@b23] due to chemical reactions of HCl on PSC\'s. Dehydration starts about 20 days later as the pure ice formation temperatures are reached 20 days later than NAT formation temperatures. Once the sun returns halfway August (∼ DOY 225) ozone is being destroyed by halogens as evidenced by the increase in ClO around DOY 225. Ozone destruction maximizes between DOY 250 and 270 (mid-September) when ClO is abundant. Around DOY 270, temperatures get above the NAT formation temperature, PSCs evaporate and the active halogens are rapidly deactivated back into reservoir species like HCl. The slow increase in HNO~3~ and H~2~O starting around DOY 270 also shows that mixing is taking place. Finally, after DOY 300 (∼ late October -- early November) ozone slowly increases again, mainly by mixing of mid-latitude air. This behavior is very similar for all years, showing that catalytic ozone depletion at 68 hPa in both 2004 and 2010 is not unusual. The same behavior is observed lower down at 100 hPa and higher up at 46 hPa (approximately 16 and 21 km; not shown here).

However, at 32 and 22 hPa (23.5 and 26 km; [figures 3](#f3){ref-type="fig"} and [4](#f4){ref-type="fig"}) the variations for 2004 and 2010 differ from the other years on a few but crucial points. Temperatures still drop below NAT and ice PSC formation temperatures, denitrification and dehydration still occur and chlorine is activated. At sunrise ozone depletion still occurs but the larger ozone amounts at this altitude, typical[@b17] for the Antarctic vortex for these altitudes, prevent complete destruction.

At 22 hPa, shortly after the full dehydration around DOY 200 the amount of H~2~O already starts to increase again, simultaneously with HNO~3~. Furthermore, less ClO is formed and HCl starts to increase earlier while ozone destruction is absent, unlike the years 2005--2009 when there is still some ozone destruction at 22 hPa. Note that for both 2004 and 2010 between DOY 200--250 a small but distinct increase in temperature occurs, reflecting the occurrence of a SSW.

At 32 hPa H~2~O also increases shortly after the full dehydration, but this is not accompanied by an increase in HNO~3~. Although there is less ClO, the reduction is smaller than at 22 hPa, and there is no early increase in HCl. However, after DOY 250 HNO~3~increases a little bit faster in 2004 and 2010 compared to 2005--2009. Finally, ozone is being destroyed but depletion is smaller compared to 2005--2009.

The left image of [figure 5](#f5){ref-type="fig"} shows the average MLS N~2~O profile for DOY 190. Clearly N~2~O decreases in concentration between 100 and 10 hPa. The right image of [figure 5](#f5){ref-type="fig"} shows the 20-day difference in N~2~O at 32 hPa. Because of the general slow diabatic decent of air within the vortex this differences is negative for all years throughout the Antarctic winter. However, in 2010, around DOY 200, this difference increases by about a factor of 3--4. N~2~O concentrations outside of the Antarctic vortex are larger than within the vortex, hence this acceleration in decrease in N~2~O cannot be explained by horizontal transport and mixing and thus must be caused by increased diabatic descend due to the SSW. Based on the N~2~O profile we estimate that at 32 hPa the air has descended by about 10 hPa or approximately 3 km starting around DOY 190 concurrent with the reversal in H~2~O at 22 hPa ([Figure 4](#f4){ref-type="fig"}).

[Figure 6](#f6){ref-type="fig"} shows temperature and humidity anomalies for 2004 and 2010 relative to the mean for the period 2005--2009 as a function of altitude. During both 2004 and 2010 there are clear SSWs, with a strong SSW developing in 2010 around DOY 190, whereas in 2004 there is a whole series of weaker SSWs. The SSWs quickly descend and dissipate in a termination zone between 10 and 50 hPa. At the same time a clear H~2~O anomaly develops during both years in this termination zone. The H~2~O anomalies follow the general slow descending motion within the Antarctic winter vortex. Note that in both 2004[@b19] and 2010 the positive H~2~O anomalies are accompanied by positive HNO~3~ anomalies. The re-hydration and re-nitrification clearly are related to the occurrence of the SSW and corresponding downward propagation of the temperature anomaly.

Discussion
==========

We have shown, using MLS measurements, that the strongly reduced Antarctic ozone hole destruction in 2010 and 2004 is directly related to SSWs occurring during the polar winter. The SSW causes humidity-rich air in the middle stratosphere (10--50 hPa) to descend but not below 50 hPa or 18 km. This descent strongly modifies the chemical composition of the air between 10 and 50 hPa. As the SSW does not reach altitudes below 50 hPa, the ozone destruction below 50 hPa is unaffected by what happens above.

However, based on the MLS observations it remains largely unclear how the SSW affects the chemistry which causes the observed changes in chemical composition. At 22 hPa the chemical pathway appears straightforward. More HNO~3~and H~2~O (via HO~x~) promote the formation of NO~2~, which in turn causes formation of ClONO~2~. This reduces ClO, and as ozone destruction goes by the square of ClO as it involves the dimmer ClOOCl, net ozone destruction at 22 hPa is prevented ([Figure 4](#f4){ref-type="fig"}). Also the early increase in the chlorine reservoir HCl could be the result of the increase in HOx resulting from H~2~O.

Although there are no early increases in HNO~3~ and HCl at 32 hPa, once ClO starts to form around DOY 250 there is also an increase in HNO~3~that in 2004 and 2010 is larger than during 2005--2009. And once HCl is starting to form after DOY 250, ClO starts to decrease again. It thus appears that during the buildup of ClO there still is some form of nitrogen oxide present -- as indicated by increase in HNO~3~after DOY 250 -- and that this reduces the effectiveness of the ClO formation, which in turn affects ozone destruction. One possible pathway could be that there is some nitrogen oxide present in the form of N~2~O~5~, which at some point is converted to NO~2~ by reaction with the more abundant H~2~O. However, this remains speculative and for a proper understanding of the chemistry between 10 and 50 hPa detailed photochemistry and/or 3D chemistry-transport model calculations are required, which is beyond the scope of this paper. However, the behavior of Antarctic stratospheric ozone in 2004 and 2010 provide an interesting test case for the current understanding of stratospheric chemistry as captured in models.

The MLS observations clearly show that ozone destruction between 10 and 50 hPa is strongly reduced in 2004 and 2010 and that the SSW had a significant impact on the chemical composition. Although 2010 differs from 2004 in terms of the number and severity of SSWs, the similarities of the water vapor and HNO~3~ anomalies and their link with the SSW confirm the importance of the SSW for middle-stratospheric Antarctic ozone chemistry and destruction. Interestingly, it has been suggested that enhanced (lower) stratospheric H~2~O due to climate change might actually increase polar ozone destruction by enabling chlorine activation at higher temperatures[@b24] and lead to more PSC formation[@b25]. The observations presented in this paper strongly suggest that enhanced H2O in the middle to upper Antarctic stratosphere reduces ozone destruction.

We also note that in 1988 an SSW occurred that was very similar to the SSW of 2010 in terms of timing and amplitude. The year 1988 was characterized[@b17] by very little ozone destruction that occurred primarily in the lower stratosphere between 15 and 19 km altitude. This observation fits with the 2004 and 2010 sequence of events, *i.e.* the SSW affecting middle stratospheric ozone but not lower stratospheric ozone. The lesser ozone destruction in 1988 compared to 2010 may be related to the lower total amount[@b26] of halogen species in 1988, which was significantly smaller than in 2010.

Our analysis suggests that the occurrence of an early minor SSW during polar winter has a strong impact on the ozone destruction at polar sunrise. Both timing and magnitude of the SSW are important, i.e. the SSW should occur in winter and temperatures should rise sufficiently to prevent denitrification of the middle stratosphere. The major SSW in 2002 which occurred later in the year led to a vortex split and the dynamical transport and mixing effects of this event dominated the evolution of the 2002 ozone depletion season.

Finally, the IPCC/AR4 climate models including 20^th^ century ozone destruction consistently predict[@b26] an increase in the surface pressure difference between middle and high southern latitudes. The same models show[@b27] that 21^st^ century ozone hole recovery reduces these surface pressure differences. Models without ozone destruction and recovery do not show these changes. Therefore, based on the assertion that climate models including ozone destruction and recovery produce the rights signs in their surface pressure difference response we conclude that while ozone depletion and greenhouse gas increases worked together in the 20th century, the anticipated ozone recovery in the 21st century will weaken the trend in the surface pressure difference induced by the increases in greenhouse gases.

There are indications[@b28] from stratosphere-resolving general circulation model simulations that the weakening in surface pressure differences could increase the frequency of SSW occurrences at southern latitudes, although no consensus has been reached yet[@b28]. Nevertheless, according to our analysis such an increase in SSW occurrences would be accompanied with more frequent years of strongly reduced ozone loss like in 2010.

In this way the 2010 ozone hole season could be seen as a fingerprint for possible positive dynamical feedbacks accompanying the ozone hole recovery in the next decades in response to the decline in ozone depleting substances.

Methods
=======

Total ozone columns used for 2009 and 2010 are derived from satellite observations of total ozone columns from SCIAMACHY that are assimilated[@b28] in the chemistry transport model TM3 to provide an analysis of global ozone and UV Index. The SCIAMACHY total ozone columns are retrieved using the TOSOMI[@b29] algorithm. These measurements are corrected[@b30] for instrument drift. Daily total ozone columns for 1979--2008 are obtained from the Multi Sensor Reanalysis project[@b30] (MSR), which produced a 30-year total ozone column assimilation dataset based on a total of eleven satellite instruments measuring total ozone columns -- including SCIAMACHY - that were operating during various periods within these 30 years. Data from both the MSR and SCIAMACHY assimilated total ozone columns are used in [figure 1](#f1){ref-type="fig"}.

For the ozone (O~3~), temperature (T), water vapor (H~2~O) and other stratospheric trace gases including chlorine monoxide (ClO), hydrogen chloride (HCl), and nitric acid (HNO~3~) we use EOS MLS v2.2 measurements. The MLS instrument was launched on 15 July 2004 on board of the EOS Aura platform. [Table 1](#t1){ref-type="table"} provides an overview of the precision and vertical resolution as well as the useful altitude range of the MLS measurements, including references to validation results. The ClO product in the lower stratosphere (100-32 hPa) suffers from a negative bias which is corrected according to published recommendations[@b31]. Finally, quality control with regard to "precision values", "status", "quality" and "convergence" has been implemented for the various species as described in the validation reports referred to in [table 1](#t1){ref-type="table"}. For all MLS observations we focus on the altitude range of 1--100 hPa, for which as a rule of thumb the estimated precision is 10% or better (for temperature the precision is 1K). All are of sufficient quality to be used within this altitude range.
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![Antarctic ozone mass deficit (A) and ozone hole area (B) for the years 1979--2010 for three different "ozone destruction" definitions: D1 is the average for the period 21 to 30 September, D2 is the period 7 September to 13 October and D3 denotes the "worst" 30-day period, i.e. the largest deficit for any 30-day period.\
The ozone mass deficit is given in 10^9^ kg ozone with regard to the 220 Dobson Unit total ozone column value (Dobson Unit = DU = 2.69 10^16^ molecules/cm^2^) for total ozone columns south of 45°S. The vortex area is the total area where total ozone columns south of 45°S are smaller than 220 DU. For 1979--2008 MSR data is used, for 2009 and 2010 SCIAMACHY total ozone column assimilation data is used.](srep00038-f1){#f1}

![Nine-day running mean MLS measurements of ClO, HCl, HNO~3~, O~3~, H~2~O and temperatures at approximately 68 hPa for the years 2004--2010 between 9 or 10 April (DOY 100) to 15 or 16 December (DOY 350) depending on whether the year is a leap year or not.\
Only MLS measurements south of 80°S are used. Ozone is given in Dobson Units (DU), all other chemical species are given in parts per billion (ppbv), and temperature is given in Kelvin. The horizontal dotted lines in the temperature graph indicate the PSC formation temperatures for: NAT[@b39] (upper black line), saturation over ice[@b39] (middle blue line) and saturation over liquid water[@b40] (bottom red line).](srep00038-f2){#f2}

![As [figure 2](#f2){ref-type="fig"} but at an altitude of approximately 32 hPa](srep00038-f3){#f3}

![As [figure 2](#f2){ref-type="fig"} but at an altitude of approximately 22 hPa.](srep00038-f4){#f4}

![MLS nine-day running mean N2O vertical profile (left plot DOY 190) and 20-day lag difference in N2O concentrations at 32 hPa.\
This difference is calculated as the differences in N2O concentration for ± 10 days around the central date. From 14 July 2007 (DOY 194) -- 8 august 2007 (DOY 219) N2O data is lacking due to the MLS 640 GHz radiometer (R4) anomaly. The large difference for 2007 (green) around DOY 210 is related to the startup after this anomaly.](srep00038-f5){#f5}

![MLS temperature (K) and water vapor (ppbv) anomaly profiles between 1--100 hPa for the same period and latitude as [figures 2](#f2){ref-type="fig"} to [4](#f4){ref-type="fig"} for 2010 (upper two panels) and 2004 (lower panel, H~2~O only) and the same nine-day running means.\
The anomaly is calculated compared to the 2005--2009 MLS averages. Note that in 2004 no MLS observations are available before 1 August (∼ DOY 215).](srep00038-f6){#f6}

###### MLS atmospheric parameters used in this study. Indicated are the vertical resolution, useful altitude range and the reported precision.

  Species          Vertical resolution           Useful range                   Precision                  Reference
  --------- --------------------------------- ------------------ ---------------------------------------- -----------
  ClO                    3.5 km                   100-1 hPa           ± 0.1 ppbv from 100 - 1.5 hPa         [@b33]
                                                                          ± 0.3 ppbv at 1.0 hPa                 
                                                                  Significant negative bias below 22 hPa        
                                                                          (−0.02 to −0.41 ppbv)                 
  H~2~O         ∼1.5 km at 316 -- 215 hPa      316 -- 0.002 hPa              65 % at 316 hPa                [@b34]
             3.5 -- 4.6 km at 100 -- 0.1 hPa                                 15 % at 100 hPa                    
                 \> 5.5 km at \> 1.0 hPa                                       4 % at 1 hPa                     
                                                                             34 % at 0.1 hPa                    
  HCl           ∼3 km lower stratosphere       100 -- 0.15 hPa       0.2 -- 0.3 ppbv at 100 -- 10 hPa       [@b35]
               4 -- 6 km 1 hPa and higher                            0.2 -- 0.9 ppbv at 10 -- 0.2 hPa           
  HNO~3~     3.5 -- 4 km from 215 -- 32 hPa     215 -- 3.2 hPa        ± 0.7 ppbv from 215 -- 3.2 hPa        [@b36]
               4 -- 5 km at 10 -- 3.2 hPa                                                                       
  O~3~          3 km from 215 -- 0.2 hPa       215 -- 0.022 hPa        0.04 ppmv from 215 -- 68 hPa         [@b37]
              4--6 km from 0.1 -- 0.02 hPa                          0.1 -- 0.4 ppmv from 46 -- 0.1 hPa          
                                                                     1 -- 0.06 from 0.05 to 0.02 hPa            
  Temp          ∼5 km from 316 -- 100 hPa      316 -- 0.001 hPa           ± 1K at 316 -- 0.1 hPa            [@b38]
                 ∼4 km at 31 -- 3.16 hPa                                                                        
                 ∼8 km at 1 -- 0.316 hPa                                                                        
                    14 km at 0.1 hPa                                                                            
